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In contrast to the well-established roles of the stria-
tum in movement generation and value-based deci-
sions, its contributions to perceptual decisions lack
direct experimental support. Here, we show that
electrical microstimulation in the monkey caudate
nucleus influences both choice and saccade re-
sponse time on a visual motion discrimination task.
Within a drift-diffusion framework, these effects
consist of two components. The perceptual compo-
nent biases choices toward ipsilateral targets, away
from the neurons’ predominantly contralateral re-
sponse fields. The choice bias is consistent with
a nonzero starting value of the diffusion process,
which increases and decreases decision times for
contralateral and ipsilateral choices, respectively.
The nonperceptual component decreases and in-
creases nondecision times toward contralateral and
ipsilateral targets, respectively, consistent with the
caudate’s role in saccade generation. The results
imply a causal role for the caudate in perceptual deci-
sions used to select saccades that may be distinct
from its role in executing those saccades.
INTRODUCTION
The basal ganglia have been known for more than a century to
play important roles in movement control (Ferrier, 1873; Wilson,
1914). Over the last several decades, their roles inmore cognitive
functions, including various forms of decision making, have also
become better appreciated (Brown et al., 1997; Divac et al.,
1967; Middleton and Strick, 2000). For example, the basal
ganglia have been causally linked to reward-modulated behavior
and represent a key component in value-based decision making
(Barto, 1995; Cai et al., 2011; Hikosaka et al., 2006; Hollerman
et al., 2000; Kable and Glimcher, 2009; Samejima and Doya,
2007). It is unclear if and how the basal ganglia also contribute
to perceptual decisions that link sensory input to oculomotor
output.Support for the basal ganglia’s role in perceptual decision
making comes from several sources. The basal ganglia receive
diverse anatomical inputs from almost all parts of sensory and
sensory-motor cortical areas (Figure 1A). These areas include
the middle temporal (MT) and medial superior temporal (MST)
areas of extrastriate cortex, lateral intraparietal cortex (LIP),
and parts of prefrontal cortex including the frontal eye field
(FEF) (Maunsell and van Essen, 1983; Saint-Cyr et al., 1990; Se-
lemon and Goldman-Rakic, 1985, 1988; Yeterian and Pandya,
1995), all with well-characterized activity related to a task linking
a decision about visual motion to saccadic eyemovements (Brit-
ten et al., 1992, 1996; Ding and Gold, 2012; Ditterich et al., 2003;
Hanks et al., 2006; Kim and Shadlen, 1999; Newsome et al.,
1989; Roitman and Shadlen, 2002; Salzman et al., 1992; Shadlen
and Newsome, 1996). Theoretical studies have ascribed several
decision-related computations to specific components of the
basal ganglia (Berns and Sejnowski, 1995; Bogacz and Gurney,
2007; Lo and Wang, 2006; Rao, 2010). Single-unit activity in the
caudate nucleus, a primary input station of the basal ganglia, can
encode a number of decision-related signals in monkeys per-
forming the visual motion saccade task (Ding and Gold, 2010).
fMRI studies revealed striatal activation in human subjects per-
forming visual motion discrimination tasks (Forstmann et al.,
2008; van Veen et al., 2008). In contrast, the frequency of clini-
cally observed perceptual impairments is much lower than that
of motor deficits for diseases associated with basal ganglia
dysfunction (e.g., Parkinson’s disease). This observation seems
to argue against a major role of the basal ganglia in perceptual
decision-making, although non-motor symptoms are often
under-reported or unrecognized by clinicians (Chaudhuri et al.,
2006).
In this study, we used electrical microstimulation in the
caudate nucleus in monkeys performing a visual motion discrim-
ination task (Figure 1) to address three questions: (1) is there
a causal link between caudate activity and perceptual decision
behavior? (2) What are the specific decision-related computa-
tions that are influenced by caudate activity? (3) How do the
basal ganglia’s roles in perceptual decisions relate to their roles
in movement control? The results indicate that the basal ganglia
can bias perceptual decisions toward particular alternatives.
These effects are distinct from their role in movement execution.
Thus, the basal ganglia appear to make multiple causal contri-
butions to simple decisions that link sensory input to motor
output.Neuron 75, 865–874, September 6, 2012 ª2012 Elsevier Inc. 865
Figure 1. Simplified Oculomotor System
Diagram and the Behavioral Task
(A) A schematic drawing illustrating the major
connections of the oculomotor basal ganglia for
saccade control. Abbreviations: MT, middle
temporal visual area; LIP, lateral intraparietal
cortex; FEF, frontal eye field; GPe, external
segment of the globus pallidus; STN, subthalamic
nucleus; SNr, substantia nigra pars reticulata; SC,
superior colliculus; DA, dopamine.
(B) Behavioral task. The monkey decides the
direction of random-dot motion and then re-
sponds, at a self-determined time, by making
a saccade to foveate one of two choice targets.
Saccades to the target in the direction of coherent
motion (assigned randomly for 0% coherence)
are followed by juice reward. Electrical micro-
stimulation is delivered during motion viewing and
terminated when the monkey makes a saccade.
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Microstimulation Did Not Alter the Monkeys’ Task
Strategy
As described in previous reports (Ding and Gold, 2010, 2012),
the performance of the two monkeys on the RT dots task de-
pended critically on the strength (coherence) of the motion stim-
ulus. Bothmonkeys achieved near-perfect accuracy and had the
shortest RTs for coherences >20%, with steadily decreasing
accuracy and increasing RT at lower coherences (Figure 2).
We fit choice and RT performance simultaneously with a drift-
diffusion model (DDM; see Experimental Procedures and curves
in Figure 2), and we fit choice data alone using logistic functions
(see Figure S2 available online). We quantified performance
using two measures estimated from the fits: choice bias, corre-
sponding to the horizontal position of the psychometric curve
(Figure 2, top panels), and discrimination threshold, correspond-
ing to the steepness of the psychometric curve.
We examined the effects of electrical microstimulation on
performance in 43 sessions (n = 29 and 14, for monkey C and
F, respectively). The microstimulation sites were within the
general regions sampled in our previous recording study (Fig-
ure S1; Ding and Gold, 2010). The motion directions used were
similar to our previous recoding studies for the caudate nucleus
and FEF (Table S1; Ding and Gold, 2010, 2012). The inclusion of
randomly interleaved microstimulation trials did not appear to
affect the monkeys’ overall strategy for solving the task. For
example, when comparing performance on trials without micro-
stimulation from this study to performance of the samemonkeys
on the same task in a recent study in which no microstimulation
was used (Ding and Gold, 2012), choice bias and discrimination
threshold were not significantly different for both monkeys and
for all motion axes tested (Wilcoxon rank-sum test, p > 0.05).
Moreover, the DDM fit separately to trials with and without mi-
crostimulation in this study had comparable goodness of fits
(Wilcoxon signed-rank test forH0: equal log-likelihood, p = 0.14).
Microstimulation Influenced Choice and RT
The effects of caudate microstimulation on performance are
shown for two representative sessions in Figure 2. In both cases,866 Neuron 75, 865–874, September 6, 2012 ª2012 Elsevier Inc.microstimulation caused the monkeys to favor the T1 choice
(ipsilateral to the microstimulation sites), reflected in a leftward
shift of the psychometric function (top panels). The T1 choices
also tended to have a shorter mean RT onmicrostimulation trials,
reflected in a downward shift in the chronometric function for
positive coherence values (bottom panels). Using the DDM fit
simultaneously to psychometric and chronometric data, the
change in bias when comparing trials with and without micro-
stimulation (Dbias; positive/negative values imply more T2/T1
choices on microstimulation trials) was 4.2% and 5.0%
coherence for monkeys C and F, respectively, for these sessions
(bootstrap methods, p < 0.05 for both). In contrast, Dthreshold
(positive/negative values imply higher/lower threshold on micro-
stimulation trials) was 1.1% and 2.2% coherence, respectively
(bootstrap methods, p > 0.05 for both).
Across sessions, electrical microstimulation had a consistent
effect on choice biases, inconsistent effects on thresholds, and
mixed effects on RTs (Figure 3). A significant Dbias was
observed in 18 out of 29 and 7 out of 14 sessions for monkeys
C and F, respectively (we defined a significant effect as a session
in which the value measured on trials with microstimulation fell
outside of themean ± 2 SD of the distribution of valuesmeasured
using bootstrapping from trials without microstimulation). More-
over, Dbias tended to be negative, representing an increased
preference for ipsilateral or upward choices (Figure 3A; mean
Dbias = 2.7% coherence, t test for H0: mean = 0, p < 0.0001).
In contrast, a significantDthresholdwas observed in only 8 and 1
sessions for monkeys C and F, respectively, with a mean value
across all sessions that did not differ significantly from zero (Fig-
ure 3B; mean = 0.2% coherence; p = 0.47). For sessions with
significant nonzero Dbias, the mean RT for correct, microstimu-
lation-favored choices was shorter on microstimulation trials
(Wilcoxon signed-rank test, p = 0.0026), an effect that was larger
for lower coherences (Figure 3C, circles). The mean RT for
correct, other choices was not different between microstimula-
tion conditions (p = 0.37; Figure 3C, triangles). For other ses-
sions, RT was not significantly affected for either choice (p =
0.41 and 0.15 for T1 and T2 choices, respectively).
The observed Dbias was robust and independent of our
choice of fitting with a DDM. Using logistic-only psychometric
Figure 2. Example Performance
Example psychometric (top) and chronometric (bottom) functions from a single
session formonkeyC (A) andmonkey F (B). Psychometric functions are plotted
as the fraction of trials in which the monkey chose the T1 target as a function of
signed coherence, where positive/negative coherence indicates motion
toward T1/T2. Chronometric functions are plotted as the mean RT, measured
as the time between motion stimulus onset and saccade onset, on correct
trials as a function of signed coherence. Solid curves are simultaneous fits of
both functions to a drift-diffusion model (DDM) with asymmetric bounds,
separately for trials with (red) and without (black) electrical stimulation.
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29 and 9 out of 14 sessions for monkeys C and F, respectively
(Figure S2). The mean Dbias was 2.5% coherence (p <
0.0001). The mean Dthreshold was 0.2% coherence, which
did not differ significantly from zero (p = 0.57). The microstimula-
tion effects also did not persist beyond the trial on which it was
applied: there were no consistent effects on bias or threshold
for the next trial (considering only such trials without microstimu-
lation) in sessions with a significant current-trial effect (paired
t test, p = 0.42 and 0.34 for bias and threshold, respectively).
Microstimulation-Induced Choice Bias Correlated with
Neuronal Spatial Tuning
Some of the session-by-session variability in Dbias reflected
differences in the spatial tuning properties of nearby neurons
(Figure 4). We quantified the spatial selectivity of isolated units
by computing an ROC index constructed from average firing
rates recorded during motion viewing, separated by T1 and T2
choices (Figure S3). ROC index values <0.5 represent higher
firing rates for T2 choices, whereas values >0.5 represent higher
firing rates for T1 choices. Sites where more than one spatially
tuned neurons were recorded on the same electrode were
excluded (n = 3).
For sites with statistically significant Dbias, the microstimula-
tion-induced bias tended to be in the opposite direction as the
spatial selectivity of nearby neurons (Figure 4). As previously
reported, caudate neurons have predominantly contralateral
spatial preferences for this task (Ding and Gold, 2010), reflected
as more data points to the left of the vertical dashed line in the
figure (ROC indices <0.5). In contrast, the microstimulation-
induced choice bias predominantly favored ipsilateral choices,
reflected as more data points below the horizontal dashed line
in the figure (Dbias < 0).In addition, the magnitude of Dbias varied systematically with
the value of the ROC index (linear regression in Figure 4). Micro-
stimulation at sites with the strongest contralateral-preferring
responses tended to have the strongest ipsilateral-biasing
effects. In contrast, microstimulation at sites with the strongest
ipsilateral-preferring responses tended to have slightly contralat-
eral-biasing effects. For the nine sites with statistically significant
Dthreshold, we did not observe any relationship between thresh-
old change and neuronal spatial selectivity (data not shown;
linear regression, p = 0.88).
Microstimulation-Induced Choice Bias Reflected
a Nonzero Starting Value in DDM
We further used the DDM to test two (not necessarily mutually
exclusive) hypotheses about the source of the microstimula-
tion-induced choice biases (Hanks et al., 2006). One possibility
is that microstimulation corresponds to an asymmetry in the
amount of evidence needed for each of the two choices. When
the decision bounds are fixed, the starting value (SV) of the
accumulating decision variable in the DDM controls the relative
diffusion distance for the two choices. In this case, a positive
SV indicates a decrease in the distance for T1 choices and an
increase in the distance for T2 choices, thus creating a bias
toward T1 choices. The second possibility is that microstimula-
tion adds momentary evidence (ME) to the accumulating deci-
sion variable, favoring the more frequent choice. In this case,
ME modulates the rate of accumulation, with a positive value
indicating that extra evidence for the T1 choice is added at every
time step during evidence accumulation, thus creating a bias
toward T1 choices.
Based on parameter fits using revised DDMs, the microstimu-
lation-induced bias was better characterized using nonzero
values of SV than ME (Figure 5). Using a model containing both
SV and ME terms, best-fitting values of SV, but not ME, tended
to be different from zero and thus account for the choice biases
(Figure 5A; sign test for zero median: p = 0.004 and 0.286,
respectively). Using two reduced models with either SV or ME
terms, but not both, the fits yielded positive values for both terms
and thus could, in principle, account for a negative Dbias (Fig-
ure 5B; median: 12% of bound distance and 2.7% coherence;
p = 0.0002 and 0.0041, respectively). However, the SV-only
model accounted for the observed Dbias better than the ME-
only model (Figure 5C), resulting in a larger log-likelihood (equiv-
alent to smaller Bayesian information criteria, or BIC, given the
same number of parameters for the two models; Wilcoxon
signed-rank test, p = 0.012). Similar results hold if only sessions
with negative Dbias were included in the analyses. Thus, within
the DDM framework, microstimulation-induced choice bias
was better characterized as a change in the relative amount of
evidence needed for each choice than a change in the actual
evidence.
Microstimulation-Induced Changes in RT Reflected
Both a Nonzero Starting Value and Changes in
Nondecision Times in DDM
However, the SV term alone did not fully explain the microstimu-
lation effect, especially the changes in RT. In particular, a positive
starting value alone is expected to decrease and increaseNeuron 75, 865–874, September 6, 2012 ª2012 Elsevier Inc. 867
Figure 3. Summary of Microstimulation
Effects (n = 43 Sessions)
(A and B) Scatterplots of bias (A) and threshold (B)
estimates from DDM fits for trials with (ordinate)
and without (abscissa) caudate microstimulation.
Sessions with significant stimulation effects (see
Experimental Procedures) are indicated by filled
symbols.
(C) Median difference in mean RT between trials
with and without microstimulation. Error bars
indicate 25th and 75th percentiles.
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similar magnitudes (for example, see Figure S4 and the shaded
areas in Figure 6H). In contrast, caudate microstimulation re-
sulted in increases in RT toward T2 that were much smaller in
absolute magnitude than the decreases in RT toward T1 (Figures
3C and 6H, blue and red curves, respectively).
These RT effects did not result from our microstimulation
protocol evoking inappropriate eye movements. For example,
microstimulation did not evoke saccades or cause small eye
movements: the standard deviation of eye position before
saccade onset did not differ between trials with and without mi-
crostimulation (0.17 ± 0.06 versus 0.16 ± 0.04; paired t test,
p = 0.68 across sessions;Wilcoxon rank-sum test, p > 0.05 for all
individual sessions). Microstimulation also did not change the
percentage of trials when the monkey broke fixation or made
a saccade to neither choice target (paired t test, p = 0.59 and
0.99, respectively).
Instead, themicrostimulation effects on RT appeared to reflect
more subtle, asymmetric changes in saccade initiation. In the
DDM framework, the time for decision formation is controlled
by the two decision bounds (A and B), drift rate (scaled by k),
and SV. The time for other aspects of the visuomotor transforma-
tion, including motor preparation and saccade initiation, is
aggregated as nondecision times. RT is the sum of the decision
and nondecision times. We thus hypothesized that microstimu-
lation might also influence nondecision times. We compared
six variants of the DDM and three variants of race models to
the full DDM (i.e., the model used in Figure 2) to identify the
model that can best account for the microstimulation effects
on psychometric and chronometric functions and also capture
the microstimulation effect on cumulative RT distributions. The
fitting parameters for the ten models are listed in the second
column of Table S2. Briefly, the DDM variants use combinations
of parameters to capture the microstimulation effects: SV; ME;
choice-dependent changes in nondecision times (DT01 and
DT02); and changes in A, B, and k. The race model variants use
changes in decision bounds (A andB), addition ofME to T1 accu-
mulator alone, and changes in rectification threshold (q). For
these comparisons, we focused on sessions with negativeDbias
(n = 22) and used as the baseline the fitting results from the full
DDM that fits trials with and without microstimulation separately
(model 1).
In general, the DDM variants performed much better than the
race models in fitting psychometric and chronometric functions
(Figures 6A and 6B). We assessed goodness of fit using two
methods: log likelihood (Figure 6A; Table S2), which does not868 Neuron 75, 865–874, September 6, 2012 ª2012 Elsevier Inc.take into account different numbers of fitting parameters, and
BIC (Figure 6B), which does. Both methods had smaller values
(i.e., better fits) for all of the DDM variants than for all of the
race models. BIC could not distinguish between the different
variants of the DDM.
A more detailed analysis of the RT distributions indicated that
our results were best matched by the two DDM variants that
included an SV term and independent changes in nondecision
times (model 2: SV +ME + 2DT0; andmodel 3: SV + 2DT0). These
two DDM variants (along with the full model) and a race-model
variant (model 8) produced the smallest sum-of-squares error
between observed and simulated cumulative RT distributions
(Figure 6C). The better fits provided by these models can be
readily appreciatedwith visual inspection (Figures 6D–6L). These
panels depict the change in cumulative RT distributions between
all trials with microstimulation versus all trials without microsti-
mulation, computed separately for T1 (red) and T2 (blue) choices
(see Figure S4 for details). Models 2, 3, and 8 most effectively
captured the asymmetry in microstimulation-induced changes
in RT (larger effects for T1 than T2 choices) that we observed
(Figures 6D, 6E, and 6J, respectively; data for model 1 not
shown). Models 2 and 3 also most effectively captured the
dynamics of the microstimulation-induced changes in T1 RTs,
including little change in short RTs but rapidly increasing effects
for RTs >500 ms (arrows). The goodness of fits of models 2, 3,
and 8 for the changes in cumulative RT distribution, asmeasured
by sum of squared error or R2, do not differ significantly (t test,
p > 0.05). However, model 8 is worse than models 2 and 3 for
fitting both psychometric and chronometric functions (Figures
6A and 6B; Wilcoxon signed-rank test, p < 0.0001), indicating
that the DDM models provided better overall fits.
Using model 3, which had the fewest parameters of models
1–3, best-fitting values of SV had a mean value of 12.2% of
bound distance (sign test for nonzero median, p < 0.0001),
the nondecision time for choice T1 was prolonged by a median
value of 41 ms (p = 0.004), and the nondecision time for T2
was shortened by a median value of 62 ms (p = 0.0008). Thus,
caudate microstimulation seemed to have two effects: (1)
a motion stimulus-dependent effect that promoted choices to
T1, and (2) a motion stimulus-independent effect that delayed
the execution of saccades to T1 and facilitated the execution
of saccades to T2. These results were consistent with the
influence of caudate microstimulation on separable decision
and saccade processes, as opposed to two independent deci-
sion processes corresponding to the two alternatives in a race
model.
Figure 4. Microstimulation-Induced Choice Bias Correlates with the
Spatial Tuning of Neurons Recorded at the Site of Microstimulation
Spatial tuning was quantified using an ROC index (see also Figure S3); values
greater/less than 0.5 indicate stronger responses for T1/T2 choices. Choice
bias is quantified as Dbias, the difference in estimated bias for trials with and
without microstimulation; positive/negative values indicate increased prefer-
ences for T2/T1 choices. Data clustering in the top right and bottom left
quadrants indicate that the microstimulation biases choice away from
neurons’ preferred direction. Only sessions with a significantmicrostimulation-
induced Dbias and single recorded neurons are included (n = 22). Line is
a linear fit (F value = 7.41, p = 0.013).
Figure 5. Microstimulation-InducedDbias Is Captured by a Nonzero
Starting Value in the DDM
(A) Histograms of best-fitting parameters SV (starting value, left) and ME
(momentary evidence, right) in a DDM model with both terms (model 2; see
also Table S2 and Experimental Procedures). Arrows indicate median values.
SV is expressed as the percentage of bound distance (A + B in DDM).
(B) Histograms of best-fitting parameters SV (left) andME (right) in the reduced
models with each term alone (models 3 and 4, respectively).
(C) Scatterplots of Dbias measured from experimental data (ordinate), using
independent DDM fits for trials with and without microstimulation, and Dbias
predicted (abscissa) using the SV-alone model (left, model 3) or theME-alone
model (right, model 4). Solid lines are linear fits (slope: 0.99 and 0.45; F value:
251.8 and 9.9; p < 0.0001 and 0.0045, respectively). For these analyses, sites
with significant Dbias were included (n = 25).
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The caudate nucleus has been shown previously to contribute
causally to saccade generation, the evaluation of expected
outcomes, and mediation of reinforcement-based and associa-
tive learning (Kitama et al., 1991; Nakamura and Hikosaka,
2006a, 2006b;Watanabe andMunoz, 2010;Williams and Eskan-
dar, 2006). In this study, we used electrical microstimulation to
demonstrate for the first time that the caudate also causally
contributes to perceptual decision making. Applying microsti-
mulation in the caudate of monkeys performing a direction-
discrimination task affected both choice and RT. The effect on
choice was consistent with an offset in the starting or ending
value of an evidence-dependent accumulation process defined
by a commonly used model of decision making, the DDM. The
effect on RT was consistent with the combined effects of the
offset and concomitant facilitation and suppression of saccades
toward contralateral and ipsilateral targets, respectively.
A main goal of this study was to help to position the basal
ganglia pathway computationally in the overall decision process
for this task. Anatomically, the caudate receives input from
numerous cortical structures that contribute to the decision (Fig-
ure 1A). These structures include area MT in extrastriate visual
cortex, which contains direction-selective neurons that provide
sensory evidence and areas LIP in parietal cortex and FEF in
prefrontal cortex, both of which contain neurons that encode
the process of accumulating the sensory evidence over time
into a decision variable that governs the saccadic response (Brit-
ten et al., 1992, 1996; Ding and Gold, 2012; Kim and Shadlen,
1999; Roitman and Shadlen, 2002; Shadlen and Newsome,1996). Outputs of the oculomotor basal ganglia pathway
target the superior colliculus, which also receives direct input
from LIP and FEF and contains neurons that similarly encode
the evidence-accumulation process (Horwitz and Newsome,
1999). We recently showed that certain task-driven neuronal
activity in caudate also represents the accumulation of evidence,
like in LIP, FEF, and the superior colliculus but not in MT (Ding
and Gold, 2010). Our present results are consistent with these
findings, indicating that caudate plays a similar, causal role in
decision making as that found previously for LIP but not MT
using a comparable microstimulation protocol (Ditterich et al.,
2003; Hanks et al., 2006). Together, these findings suggest
that evidence accumulation used to instruct saccadic choices
is implemented in a set of interconnected brain regions including
LIP, FEF, the superior colliculus, and the basal ganglia pathway
that indirectly links these cortical and subcortical structures.
Despite the similarities between our results and those for area
LIP, we note two striking differences. The first is in the sign of
choice bias, which for caudate is toward the target ipsilateral
to the site of microstimulation but for LIP is toward the target
contralateral to the site of microstimulation. The opposite signs
are unlikely simply due to a difference in microstimulation pulseNeuron 75, 865–874, September 6, 2012 ª2012 Elsevier Inc. 869
Figure 6. Comparison of Models for
Capturing Both Choice and RT Effects
(A) Difference in mean negative log likelihood
between the given model and model 1 (two inde-
pendent DDMs fit to trials with and without
microstimulation). Note that the first bar is at zero
by definition. The value for model 2 is close to
zero. Smaller values indicate better fits. See Table
S2 and (D)–(L) for model identities. Filled bars
indicate a significant nonzero difference in means
(t test, p < 0.05, with corrections for multiple
comparisons).
(B) Difference in Bayesian information criterion
from model 1. Same conventions as (A). Smaller
values indicate better fits.
(C) Sum of squared error (SSE; mean ± SD)
between the observed and simulated micro-
stimulation-induced change in cumulative RT
distributions. Filled bars indicate significantly
smaller SSE in models 2, 3, and 8 than the others
(p < 0.05, with corrections for multiple compar-
ison).
(D–L) Difference in the cumulative distribution of
RT between trials with and without micro-
stimulation (see Figure S4) for models 2–10, as
indicated. Experimental data are shown as solid
curves. Simulation results are shown as shaded
areas (mean ± SD). Red: T1 choice; blue: T2
choice. Arrows point to the rising portion of the T1
curve for the experimental data.
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consistent effects on saccade behavior over a large frequency
range (5–333 Hz; Watanabe and Munoz, 2010). The ipsilateral
choice bias with caudate microstimulation is also unlikely an arti-
fact from fiber-of-passage problems, given its observed relation-
ship with the nearby neurons’ tuning properties (Figure 4). It is
conceivable that caudate microstimulation antidromically acti-
vates a distal, upstream region that has an opposite role to
LIP’s in perceptual decision making, although such a region
has not yet been identified.
We thus consider an alternative explanation based on the
intrinsic organization of the basal ganglia. The basal ganglia
are organized into direct and indirect pathways (Figure 1A),
which are first segregated in the striatal population of projection
neurons (DeLong, 1990; Graybiel and Ragsdale, 1979; Hikosaka
et al., 1993; Hikosaka and Wurtz, 1983, 1985; Niijima and Yosh-
ida, 1982). Activation of striatal projection neurons in the two
pathways is assumed to have opposite effects on the basal
ganglia output, resulting in net excitation or inhibition of the870 Neuron 75, 865–874, September 6, 2012 ª2012 Elsevier Inc.superior colliculus for the direct or indi-
rect pathway, respectively (Figure 1A).
Accordingly, differential activation of
these pathways has been shown to
have opposite effects onmotor behaviors
and reinforcement learning (Kravitz et al.,
2010, 2012; Nakamura and Hikosaka,
2006b) and thus, in principle, could
have opposite effects on perceptual
decisions. These two subpopulations ofstriatal projection neurons, although physically intermingled
and indistinguishable with extracellular recordings, differ in their
somatodendritic and synaptic properties (Ade et al., 2008; Ce-
peda et al., 2008; Day et al., 2008; Flores-Barrera et al., 2010;
Gerfen et al., 1990; Gertler et al., 2008; Shen et al., 2007). We
speculate that our electrical microstimulation preferentially acti-
vates the pathway that opposes the influence of LIP activation on
downstream oculomotor structures including the superior colli-
culus. It will be interesting to test this hypothesis by specifically
targeting the direct and indirect pathways with pharmacological
manipulations or by comparing activity patterns in caudate and
FEF/LIP with those found in components of the indirect pathway,
such as the subthalamic nucleus or the external segment of
globus pallidus.
The second difference between caudate and LIP microstimu-
lation is their effects on RT. LIP microstimulation shortens RT for
the favored choice and increases RT for the other choice with
a similar magnitude (Hanks et al., 2006). In contrast, the effect
of caudate microstimulation on RT is not symmetric for the two
Neuron
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these caudate microstimulation results is a combined effect on
a perceptual process favoring ipsilateral choices and a nonper-
ceptual process (e.g., saccade execution) favoring contraversive
saccades. The two effects may result from the influence of mi-
crostimulation on different neural assemblies in the caudate
nucleus. This idea is consistent with the functional anatomy of
the basal ganglia pathway, which is known to contain multiple
parallel loops both in overall function (e.g., limbic, motor, asso-
ciative) and in more microscopic domains (e.g., topographic
projections throughout the pathway for body regions; Alexander
and Crutcher, 1990; Alexander et al., 1986; Parent and Hazrati,
1995). A highly speculative scenario may be that activation of
the direct pathway of the ‘‘motor’’ loop decreases and increases
nondecision times for contra- and ipsilateral saccades, respec-
tively, whereas activation of the indirect pathway of the ‘‘percep-
tion’’ loop biases choice toward ipsilateral targets.
The idea that caudate encodes two distinct, task-related
processes—one involved in forming the perceptual decision,
the other in oculomotor control—may also help to bridge seem-
ingly conflicting results from previous studies of caudate micro-
stimulation. Specifically, caudate microstimulation can evoke
contraversive saccades and, when delivered before saccade
onset and at sites with neural activity modulated on a simple
visually guided saccade task, reduces RT for contraversive sac-
cades (Kitama et al., 1991; Nakamura and Hikosaka, 2006a).
These results suggest a facilitatory effect of microstimulation
on contraversive saccades. In contrast, when delivered before
saccade onset at ‘‘blindly’’ sampled sites, caudate microstimu-
lation increases RT for contraversive saccades and, to a lesser
extent, decreases RT for ipsiversive saccades on a pro-/antisac-
cade task (Watanabe and Munoz, 2010, 2011). These results
suggest a suppressive effect of microstimulation on contraver-
sive saccades. In light of our observations, these previous
reports may have resulted from differential activation of distinct
functional groups of neurons.More specifically, microstimulation
that preferentially activates neurons participating in saccade
generation facilitates generation of contraversive saccades. In
contrast, microstimulation that preferentially activates neurons
participating in perceptual-decision formation or other cogni-
tively demanding forms of saccade selection facilitates selection
of ipsilateral saccade targets. The former effect dominates for
evoked saccades and for simple saccade tasks with targeted
microstimulation sites. Both effects are in place for pro-/antisac-
cade tasks with blindly sampled microstimulation sites and for
the dots task. The dots task enables the dissociation of percep-
tual decision-making and saccade effects, with manipulations of
stimulus strength (Petrov et al., 2011).
In contrast to the microstimulation effects on choice bias, we
did not observe a consistent effect on discrimination threshold.
This result is consistent with our interpretation of caudate
response properties in the context of the DDM (Ding and Gold,
2010). According to that framework, discrimination threshold is
determined by the decision bounds and a constant of propor-
tionality used to convert the evidence to a log likelihood ratio-
related quantity (Gold and Shadlen, 2002; Ratcliff, 1978). The
decision bounds govern the speed-accuracy tradeoff and in
our previous study were not encoded in caudate: unlike in LIPand FEF, evidence-accumulation activity in caudate did not
converge at a DDM-like bound just prior to saccade onset on
the RT dots task (Ding and Gold, 2010, 2012; Roitman and Shad-
len, 2002). The constant of proportionality may already be incor-
porated in the inputs from MT and thus not influenced by
caudate microstimulation. However, despite this consistency
with our previous recording study, the lack of an effect on
discrimination threshold is not consistent with previous compu-
tational modeling and fMRI studies that posit a role for the basal
ganglia pathway in mediating the appropriate speed-accuracy
tradeoff (Bogacz et al., 2010; Brown et al., 2004; Forstmann
et al., 2008; Frank, 2006; Gurney et al., 2004; Lo and Wang,
2006; Rao, 2010; van Veen et al., 2008). This discrepancy might
reflect a sampling bias in the present study favoring sites with the
kind of task-modulated neural activity we described previously.
More work is needed to identify other possible neural correlates
of the decision bound and determine their causal role in the deci-
sion process.
In summary, caudate microstimulation influences both choice
and RT in monkeys performing a demanding perceptual deci-
sion task. These effects support causal roles of the caudate
nucleus—and by extension the basal ganglia—in mediating
perceptual decision formation and saccade generation. In con-
junction with their reported roles in valuation of different options,
the basal ganglia are well positioned to play important roles in
real-life, complex decisions that must take into account of
multiple sources of external inputs and internal preferences.EXPERIMENTAL PROCEDURES
We used two adult male rhesus monkeys (Macaca mulatta) that were previ-
ously trained on the direction-discrimination (dots) task used in this study
(Ding and Gold, 2010, 2012). Each monkey was implanted with a head holder
and a recording cylinder that provided access to the right caudate. Procedures
for identifying and recording from caudate neurons are described previously
(Ding and Gold, 2010). Prior to the microstimulation experiment, monkey C
was trained on various versions of the dots task for >5 years and used for
data collection in three previous studies (Ding and Gold, 2010, 2012; Law
and Gold, 2008); monkey F was trained for two years and used for data collec-
tion in two previous studies (Ding and Gold, 2010, 2012). Both monkeys
showed clear sensitivity to motion strength and stimulus duration on a fixed-
duration version of the task (monkey C, Law and Gold, 2008; monkey F, Fig-
ure S5) and speed-accuracy tradeoff on the RT task (Ding and Gold, 2010).
All training, surgery, and experimental procedures were in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the University of Pennsylvania Institutional
Animal Care and Use Committee.
The dots task requires the subject to decide the direction of random-dot
motion and respond as soon as the decision is formed with a saccadic eye
movement (Figure 1A; Ding and Gold, 2010). Briefly, after the monkey main-
tained central fixation for an exponentially distributed duration, a random-
dot motion stimulus was presented in a 5 aperture centered on the fixation
point, with a fixed velocity of 6/s in one of two opposite motion directions.
Motion direction and strength (the percent of dots moving coherently in one
direction) were randomly interleaved. Formost sessions, the coherence values
used were 0%, 3.2%, 6.4%, 12.8%, 25.6%, and 51.2%. To increase the
number of trials per condition for microstimulation experiments, 51.2% coher-
ence trials were omitted in 14 sessions for monkey C, who consistently
performs at 100% correct for 51.2% and nearly 100% correct at 25.6% coher-
ence without microstimulation. After stimulus onset, the monkey was free to
indicate its decision about the motion direction at any time by making
a saccade to the corresponding visual choice target. The choice targetsNeuron 75, 865–874, September 6, 2012 ª2012 Elsevier Inc. 871
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tion point and at an eccentricity of 10 (Figure 1B). The stimulus was turned off
once a saccade was detected. The monkey was rewarded with juice for
choosing the correct choice target (congruent with the motion direction at
nonzero coherence levels; randomly picked for 0%-coherence trials). Eye
position was monitored using a video-based system (ASL) sampled at
240 Hz. Reaction time (RT) was measured as the time from stimulus onset to
saccade onset, the latter identified offline with respect to velocity (>40/s)
and acceleration (>8,000/s2).
At the beginning of a session, we identified a caudate site with single- or
multiunit activity modulated on the dots task. Neural activity was recorded
using glass-coated tungsten electrodes (Alpha-Omega) or polyamide-coated
tungsten electrodes (FHC, Inc.). The motion direction that elicited the largest
responses was determined by online visual inspection and then used to define
the axis of motion for the dots task used in the remainder of the experimental
session (Table S1). Unlike cortical regions such as MT and LIP, the caudate is
not topographically organized, and nearby neurons do not necessarily share
the same response profiles (Ding and Gold, 2010; Hikosaka et al., 1989). We
thus selectedmicrostimulation sites based on only neural activity at those sites
without considering nearby neural activity. Electrical microstimulation was
delivered at the same site during motion stimulus presentation (negative-
leading bipolar current pulses, 300Hz, 50–80 mA, 250 ms pulse duration). These
parameters were chosen to maximize potential effect sizes while avoiding
evoked saccades (Nakamura and Hikosaka, 2006a; Watanabe and Munoz,
2010, 2011). Because higher currents are needed to activate the thinner,
sparsely myelinated projection axons in the caudate nucleus compared to
the thicker, more myelin-dense projection axons of the cortex, the current
intensity used is expected to have similar effective current spread to that of
comparable microstimulation studies in cortex (Adinolfi and Pappas, 1968;
Blatt et al., 1990; Felleman and Van Essen, 1991; Spatz and Tigges, 1972; Te-
hovnik, 1996; Tomasi et al., 2012). Trials with and without microstimulation
were equally divided and randomly interleaved in a session. The neural
responses were sorted offline (Plexon, Inc.). Each neuron’s spatial selectivity
was quantified as a receiver operating characteristic (ROC) index, which is
the area under the ROC curve constructed using average spike rate during
motion viewing (from 200 ms after stimulus onset to 100 ms before saccade
onset, all coherence levels were included; also see Figure S3).
Performance was quantified with psychometric and chronometric functions
(Figure 2), which describe the relationship of motion strength (signed coher-
ence, Coh, positive for toward T1, negative for toward T2) with choice and
RT, respectively. Per laboratory convention, T1 choice targets were placed
in the right hemifield (ipsilateral to the microstimulation sites) or directly above
the central fixation point (for T1 = 90). Performance on trials with and without
microstimulation was analyzed using five methods, as follows (all model fits
were accomplished using maximum-likelihood methods):
First, we fit psychometric and chronometric functions simultaneously to
a drift-diffusion model (DDM), which has been used successfully to describe
performance of both monkey and human subjects on the RT dots task
(Hanks et al., 2006; Palmer et al., 2005). Here, we used separate fits for
trials with and without microstimulation, using a model with five free parame-
ters (model 1): A, B, k, T01, and T02. According to this model, momentary
motion evidence is assumed to follow a Gaussian distribution N(m, 1), the
mean of which, m, scales with coherence m = k 3 Coh, where k governs the
coherence-dependent drift. A decision variable is computed as the temporal
accumulation of this momentary motion evidence. A decision (T1 or T2) is
reached when the value of the decision variable reaches a decision bound
(+A or –B, respectively). Decision time is defined as the interval between
stimulus onset and crossing of either decision bound. RT is the sum of decision
time and non-decision time (T01 for a T1 choice and T02 for a T2 choice).
Within this framework, the probability of choosing T1 (i.e., the probability
that the decision variable reaches bound +A first) is
e2 mB  1
e2 mB  e2 mA. The average
decision time is
A+B
m
cothðmðA+BÞÞ  B
m
cothðmBÞ for T1 decisions and
A+B
m
cothðmðA+BÞÞ  A
m
cothðmAÞ for T2 decisions. Threshold was estimated
from the choice function as one-half the difference in coherence correspond-872 Neuron 75, 865–874, September 6, 2012 ª2012 Elsevier Inc.ing to 25% and 75% T1 choices (Klein, 2001). Bias was defined as the signed
percent coherence corresponding to 50% T1 choices. Distributions of esti-
mated threshold and bias for trials without microstimulation were estimated
by repeating fits with resampled trials. A statistically significant microstimula-
tion effect was identified if the value from microstimulation trials fell outside
the mean ± 2 SD of the values from resampled no-microstimulation trials. An
alternative bootstrappingmethod, which estimates the probability of obtaining
the experimentally observed Dbias/Dthreshold from all trials with shuffled
microstimulation conditions, gave similar results (data not shown).
Second, to ensure that our results were not overly conditioned on the
assumptions of the DDM, we also fit psychometric data alone using a logistic
function, r=
1
1+ ebðCohaÞ
, separately for trials with and without microstimula-
tion. Discrimination threshold was defined as one-half the difference in
coherence corresponding to 25% and 75% T1 choices from the fitted function
(Klein, 2001). Bias was defined as the value of a. Statistically significant micro-
stimulation effects were detected using the bootstrap methods described
above.
Third, we adopted a modified DDM to fit psychometric and chronometric
functions simultaneously for trials with and without microstimulation (model
2). This model uses the same basic parameters as in the above drift-diffusion
model (A, B, k, T01, and T02). In addition, we introduced two terms similar to
a previous study to account for the microstimulation-induced choice biases
(Hanks et al., 2006): starting value (SV) and momentary evidence (ME). SV
was implemented as a change in decision bounds: +A/-B for no microstimula-
tion trials and +A-SV/-B-SV for microstimulation trials. ME was implemented
as a change in momentary motion evidence: m = k 3 Coh for no
microstimulation trials and m = k3 (Coh +ME) for microstimulation trials. Posi-
tive SV or ME corresponds to an increased bias toward T1. To account for
possible microstimulation effects on nondecision processes, we introduced
two additional nondecision times (T01
0and T020) for trials with microstimulation.
Fourth, to further investigate effects of microstimulation on both choice and
RT, we compared goodness of fits of six versions of the DDM (models 2–7). All
of these models use the five basic parameters as in the above drift-diffusion
model: A, B, k, T01, and T02. In addition, they use combinations of additional
parameters to capture the microstimulation effects (see Table S2 for more
details): SV; ME; choice-dependent changes in nondecision times (two sets
of T01 and T02 for trials with and without microstimulation); and changes in
A, B, and k (two sets of A, B, and k for trials with and without microstimulation).
We also implemented race models of independent accumulators with rectified
inputs (models 8–10; Smith and Vickers, 1988) to test for the possibility that
caudate’s role in the decision process is inconsistent with a basic assumption
of DDM, that a single decision variable governs the decision process. Accord-
ing to the basic race model, momentary motion evidence is assumed to follow
a Gaussian distribution N(m, 1), the mean of which, m, scales with coherence:
m = k 3 Coh, where k governs the coherence-dependent drift. The motion
evidence is compared to a threshold q. One accumulator integrates the differ-
ence between themotion evidence and q only if the difference is positive, while
the other accumulator integrates the difference only if the difference is nega-
tive. If the first accumulator reaches bound +A before the other reaching
bound -B, a choice toward T1 is made; if the second accumulator reaches
bound -B first, a choice toward T2 is made. The steps of accumulation is
converted to actual decision time by a scaling factor, a. Similar to the DDM,
RT is the sum of decision and nondecision times (T01 and T02). To capture
the microstimulation effects, we considered three variations of the basic
racemodel: (1) separate changes inA andB bymicrostimulation, (2) a constant
ME value added at each step of accumulation for the first accumulator, and (3)
a change in q. Goodness of fit was measured as the log-likelihood for each
model and compared across models using BIC to take into account different
numbers of fitting parameters.
Fifth, we examined microstimulation-induced effects on RT distributions.
For each session, we collapsed trials (correct and error) across coherence
levels and computed the cumulative RT distributions, separately for the two
choices and microstimulation conditions (Figure S4). For each choice, we
computed the difference in cumulative RT distributions between trials with
and without microstimulation. The microstimulation effect on the RT distribu-
tion was measured as the average difference across sessions, separately for
Neuron
Caudate Stimulation Biases Perceptual Decisionsthe two choices. For model predictions, choice and RT data were simulated
with session-specific fitting parameters and with trial numbers for the different
coherence 3 direction conditions matched to the experimental data. Simu-
lated data were analyzed in the same way as the experimental data. Mean
and standard deviation of the simulated difference in cumulative RT distribu-
tion were estimated using bootstrap methods.
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